Acinetobacter baylyi ADP1 has the potential to be a versatile bacterial host for synthetic biology because it is naturally transformable. To examine the genetic reliability of this desirable trait and to understand the potential stability of other engineered capabilities, we propagated ADP1 for 1,000 generations of growth in rich nutrient broth and analyzed the genetic changes that evolved by whole-genome sequencing. Substantially reduced transformability and increased cellular aggregation evolved during the experiment. New insertions of IS1236 transposable elements and IS1236-mediated deletions led to these phenotypes in most cases and were common overall among the selected mutations. We also observed a 49-kb deletion of a prophage region that removed an integration site, which has been used for genome engineering, from every evolved genome. The comparatively low rates of these three classes of mutations in lineages that were propagated with reduced selection for 7,500 generations indicate that they increase ADP1 fitness under common laboratory growth conditions. Our results suggest that eliminating transposable elements and other genetic failure modes that affect key organismal traits is essential for improving the reliability of metabolic engineering and genome editing in undomesticated microbial hosts, such as Acinetobacter baylyi ADP1.
T he large-scale engineering of genome sequences is a growing area of synthetic biology and bioengineering with many applications (1, 2) . Projects such as the development of reduced bacterial genomes (3) , modifying the genetic code (4) , and optimizing metabolic pathways (5) require whole-scale genetic rewriting of genomes in order to accommodate progressively more ambitious goals. The process of making such modifications is a resourceintensive undertaking with significant technical, human-resource, and time costs. Acinetobacter baylyi ADP1 has been proposed as a model organism for metabolic engineering, synthetic biology, and genome evolution studies because it is naturally transformable (6) (7) (8) . During normal growth in the laboratory, ADP1 expresses competence machinery that enables it to efficiently import extracellular DNA without any sequence constraints (9, 10) . By designing DNA constructs with homology to the ADP1 genome, targeted deletions or insertions of new genes can be made with high efficiency without the need for artificial transformation techniques or the expression of heterologous genes, as is typically required when engineering the Escherichia coli genome (5, 11) . Thus, ADP1 could be a useful chassis organism for studies that require large-scale or combinatorial genome modifications.
One known challenge associated with ADP1, however, is that the competence phenotype is unstable when it is cultured in the laboratory (12) . In general, genetic reliability is a key trait sought after in chassis organisms; one does not want to design a DNA sequence only to see it be rapidly deleted or mutated when placed in a living organism. In this vein, efforts to engineer E. coli variants with more stable genomes have resulted in important benefits in those strains (3, 13) . In ADP1, the frequent loss of transformability would be particularly problematic for whole-genome engineering efforts, which may require many steps of selection and regrowth to reprogram multiple genetic loci. Therefore, it would be beneficial to understand the genetic basis of competence loss in ADP1 in order to potentially design strategies to stabilize this highly desirable trait.
As ADP1 has not yet been propagated in the laboratory to the same extent as bacteria such as Escherichia coli or Bacillus subtilis, it also more generally represents a model for moving a relatively undomesticated microbial species into the laboratory. In working with this kind of organism, a researcher generally will want to ascertain the dominant forces of genome instability at play (14) and eliminate any that are at odds with bioengineering and synthetic biology goals. In the wild, bacterial genomes often accumulate cryptic bacteriophage remnants and selfish genetic elements, such as transposons. These sequences may lead to certain regions of an undomesticated host genome being particularly prone to mutations or to certain types of mutations dominating among those that inactivate engineered DNA sequences deployed in the host.
To determine the genetic basis of competence loss and to profile the stability of the ADP1 genome as a whole, we sequenced the genomes of seven ADP1 strains that were independently evolved for 1,000 generations in an adaptive evolution (AE) experiment in the laboratory. In parallel, we conducted a mutation accumulation (MA) evolution experiment in which replicate populations of ADP1 were propagated for ϳ7,500 generations of genetic drift. In the AE experiment we expected to see mainly beneficial mutations become prominent within populations, whereas in the MA exper-iment single-cell bottlenecks between transfers would allow nonlethal mutations to accumulate regardless of their impact on fitness. The AE experiment reproduced the expected decrease in natural transformation in the evolved populations. We also observed the unexpected reevolution of a cellular aggregation phenotype and parallel losses of a large prophage-related region containing several genes that were thought to be essential. The loss of transformability and increased aggregation phenotype were overwhelmingly caused by the activity of IS1236, the sole mobile genetic element in the ADP1 genome. These three types of mutations were never or only rarely observed in the MA evolution experiment, supporting the hypothesis that they evolve because they improve fitness in nutrient broth.
MATERIALS AND METHODS
Strains and growth conditions. Acinetobacter baylyi ADP1 was the gift of Valérie de Crécy-Lagard (University of Florida). For most experiments, ADP1 was cultured at 30°C on the Miller formulation of Luria-Bertani (LB) medium (10 g/liter NaCl). For tests of gene essentiality, we used minimal succinate (MS) medium (15) . Liquid cultures were grown in 50-ml Erlenmeyer flasks or 18-by 150-mm test tubes with orbital shaking at 140 rpm over a 1-inch diameter. Solid LB media included 1.5% (wt/vol) agar. Where appropriate, media were supplemented with 50 g/ml kanamycin or 200 g/ml 3=-azido-2=,3=-dideoxythymidine (AZT). Frozen stocks of strains and evolved populations were stored at Ϫ80°C in LB with added glycerol (20%, vol/vol) as a cryoprotectant.
Adaptive evolution experiment. Eight colonies of the ancestral ADP1 strain were inoculated into separate flasks containing 10 ml LB to initiate experimental populations 1 to 8. These cultures were propagated for a total of 100 days with the serial transfer of 10 l into a new flask containing 10 ml LB after every 24 Ϯ 1 h of incubation. This 1:1,000 dilution resulted in the transfer of ϳ10 7 cells from each saturated 24-h culture and ϳ10 generations of regrowth per day. Samples of each population were saved as frozen glycerol stocks every 50 generations. At each transfer, populations 1 to 4 were supplemented with 100 ng of metagenomic DNA isolated from soil collected at the Brackenridge Field Research Laboratory (Austin, TX) as previously described (16) but scaled to process 80 g of soil at a time. One population with supplemented DNA was discontinued midway through the experiment due to persistent contamination.
GFP strain construction. A variant of the ADP1 ancestor with chromosomally encoded GFP was constructed using the pIM1463 integration vector (17) . Briefly, the P T5 -lacO-lacO-gfp insert from pIM1522 (17) was PCR amplified with primers to add SfiI restriction enzyme sites to each end. This GFP construct was digested with SfiI and ligated to the pIM1463 plasmid backbone cut with SfiI. After transformation into ADP1, a colony that exhibited constitutive GFP expression was selected.
Fitness assays. Evolved population samples were competed against the GFP-tagged ancestor by first reviving 12 l or 2 l, respectively, of glycerol stocks into 5-ml LB cultures in test tubes. After 24 h of growth, these cultures were used to inoculate 12 flasks containing 10 ml LB for each sample. After 24 h, 12 replicate competitions for each population were initiated by mixing 1.7 l of each evolved population flask with 8.3 l of each GFP-ADP1 flask in 10 ml LB. Immediately after mixing and after 24 h of growth, dilutions of these cocultures were plated on LB agar. Counts of fluorescent versus nonfluorescent colonies were used to calculate relative fitness as a ratio of Malthusian parameters as previously described (18) .
Mutation accumulation evolution experiment. Twenty-five different ADP1 ancestor colonies were picked from an LB agar plate to initiate independent lineages. Each line was maintained by picking a colony each day and streaking it out on a fresh agar plate. After growth for 24 h, the new colony that appeared nearest the end of the streaking pattern was selected to continue the line. Every 20 days, the selected colonies for each line also were used to grow liquid cultures that were stored as frozen glycerol stocks. After 300 transfers, we PCR amplified and sequenced a portion of the 16S rRNA gene using universal primers U341F and UA1406R (19) , and we compared this sequence to the ADP1 ancestor to rule out contamination. Seven of the lineages became contaminated or were lost due to other experimental errors.
Whole-genome sequencing. Clonal isolates from each 1,000-generation population from the adaptive evolution experiment were inoculated into LB and grown overnight. DNA was extracted from these cultures using the PureLink genomic DNA minikit (Life Technologies) and sheared to an average size of 550 bp using a Covaris S2 instrument. Illumina DNA fragment libraries were prepared using a NEBNext preparation kit and sequenced on a HiSeq 2000 instrument at the University of Texas at Austin Genome Sequencing and Analysis Facility. Overall read depth coverage of the ancestral genome sequence was Ͼ500-fold for each sample. Mutations were identified from the resulting 2ϫ 100-bp pairedend reads by comparing them to the complete ADP1 genome sequence (20) (GenBank accession no. NC_005966.1) using the breseq computational pipeline (21) .
Detecting horizontal gene transfer. To determine whether genes had been acquired from the metagenomic DNA added to some populations, read pairs where one or both reads did not map to the ADP1 reference genome in the breseq analysis were assembled using velvet (version 1.2.07) with a hash length of 51 bases (22) . All resulting contigs with a coverage read depth of at least 10 and length of at least 200 bases were queried against the NCBI nonredundant (nr) database using BLASTN (version 2.2.28ϩ) with default parameters (23) . All contigs consisting of highquality reads with mixed base compositions matched the phiX174 genome (which is added as a spike-in control during Illumina sequencing) or most likely were derived from other DNA samples sequenced in the same lane or flow cell (e.g., matches to Saccharomyces cerevisiae, mitochondrial genomes, and cloning vectors). The latter likely were due to barcode misclassifications when demultiplexing reads from different samples.
Mutation rate statistics. We used R (version 3.1.0) for all statistical analyses (24) . Poisson regression was used to compare the rates at which different types of mutations accumulated in the sequenced clones from the genome sequencing data. Here, we evaluated the significance of saturated models with per-clone mutation rates versus models with one uniform rate across all clones using chi-squared tests. To compare the rates of genotypic and phenotypic evolution between the adaptive evolution and mutation accumulation experiments for evidence of selection, we evaluated the significance of Poisson models with distinct rates for each type of evolution experiment to models with one uniform rate across all experiments using chi-squared tests. For these analyses, we assumed that there was only one mutation per experimental lineage, when the same clone theoretically could have accumulated multiple mutations affecting transformability or cellular aggregation. Since many mutations were observed in the adaptive evolution experiment and few were observed in the longer mutation accumulation experiment, this assumption is expected to lead to overly conservative estimates of significance.
Prophage deletion detection. We performed two PCR assays to test for the prophage deletion in a given ADP1 strain. The first used one primer outside the deleted region and one primer inside to yield an ϳ800-bp product if the prophage region still was present but no product if it had been deleted. The second assay used two primers located outside the prophage region to amplify across the deleted sequence, so that there was an ϳ950-bp product if the deletion was present and no product otherwise.
Integration of kanamycin resistance cassette. To generate an ADP1 strain to serve as a source of genomic DNA for transformation assays (AB-KAN), we integrated a kanamycin resistance marker into the nonessential gene ACIAD0135. Upstream (coordinates 139843 to 139882) and downstream (coordinates 140099 to 149928) ADP1 genome segments were PCR amplified with primers that added an EcoRI site to the 3= end of the upstream segment and a BamHI site to the 5= end of the downstream segment. Tn5 neomycin phosphotransferase (nptII) was amplified from the cloning vector pKD13 (11) while adding an EcoRI site to its 5= end and a BamHI site to its 3= end. These restriction sites were used to ligate the upstream and downstream ADP1 genome segments to nptII. The ligation product was amplified by PCR and then transformed into ADP1 by diluting 70 l of an overnight ADP1 culture into 1 ml of LB and allowing growth for 5 h under standard conditions. A portion of this culture was plated on LB-kanamycin agar. After growth, resistant clones were picked and assessed for the expected insertion by PCR.
Transformation frequency measurements. AB-KAN genomic DNA samples were isolated using the PureLink genomic DNA minikit (Life Technologies) with yields estimated from absorbance using a NanoDrop spectrophotometer. A. baylyi cultures were revived by inoculating a frozen glycerol stock (2 l for clonal isolates or 12 l for mixed populations) into 5 ml of LB in a test tube and growing them for 18 to 24 h under standard conditions. Then, these cultures were preconditioned by transferring 10 l of revived cultures into flasks with 10 ml of LB and growing them for 24 Ϯ 1 h. Transformation assays were initiated by combining 1 ml LB, 70 l of preconditioned culture, and 100 ng of AB-KAN genomic DNA. These cultures were incubated for 18 to 24 h under standard growth conditions. Transformed cultures were diluted in sterile saline and plated on both nonselective (LB agar) and selective (LB-kanamycin agar) plates and allowed to grow overnight. Transformation frequencies were determined by dividing the number of CFU on selective media by the number of CFU on nonselective media. All transformation assays were carried out in triplicate. For the adaptive evolution experiment, a matched set of ADP1 ancestor measurements was made alongside each sequenced clone for statistical comparisons. For the mutation accumulation experiment, all endpoint clones were tested at the same time as one set of ADP1 ancestor measurements for comparison. We computed all statistics for transformation frequencies using log-transformed values.
Mutant construction. The ADP1 ancestor strain was modified using a dual-selection cassette as described previously (8) . PCR products containing mutant pgi and per alleles were amplified from clone 6a with an additional 1 kb of flanking homology on either side and used to transform ACIAD0091 and ACIAD0101 knockout strains, respectively, from the ADP1 single-gene knockout collection (15) . These transformations were plated on LB-AZT agar to select for the mutant allele replacing the Kan rtdk cassette present at the target location in the knockout library clone. Allelic exchange was verified by PCR and screening transformants on LB-Kan agar to test for the loss of the cassette. The double pgi per mutant was constructed by first taking the strain reconstructed with the evolved per allele and transforming it with a PCR product containing the integrated Kan r -tdk cassette and 1 kb of flanking genome homology amplified from the pgi (ACIAD0101) knockout. The evolved pgi allele from clone 6a then was used to replace the cassette in this strain as described above. The ⌬pilB strain, used for electron microscopy, was created by inserting the Kan r -tdk cassette within pilB and then replacing it with a PCR product to create the same in-frame deletion present in the ADP1 knockout collection (15) .
Emulsification assay. The secretion of bioemulsifier from cultures was measured as previously described (25) . Briefly, 500 l of supernatant from preconditioned overnight cultures grown in LB was combined with 1 ml of TM buffer (20 mM Tris-HCl, 10 mM MgSO 4 , pH 7.0) and 20 l of a 1:1 (vol/vol) mixture of n-hexadecane and 2-methylnaphthalene in a 10-ml glass test tube. Each sample was vortexed vigorously at room temperature for 30 min. The mixture then was transferred to a glass cuvette, and the optical density at 600 nm (OD 600 ) was measured using a spectrophotometer after the mixture was left to stand for 30 s after vortexing ceased. One emulsification unit equals an OD 600 of 0.1.
Microscopy. For light microscopy, we spotted 1 l of an overnight culture of each strain on a glass slide and imaged it using a Zeiss Axiovert 200M inverted microscope. Images were acquired using differential interference contrast (DIC) with a 63ϫ objective under the transmitted-light bright-field setting using AxioVision SE64 software (release 4.9.1). For electron microscopy, we washed overnight cultures twice in sterile H 2 O and then performed negative staining using a 1 or 2% uranyl acetate solution. We then dried the samples onto Formvar-coated copper grids and visualized them with an FEI Tecnai transmission electron microscope.
RESULTS
Acinetobacter baylyi ADP1 evolution experiments. We conducted a 1,000-generation adaptive evolution (AE) experiment in which 7 populations of Acinetobacter baylyi ADP1 founded from genetically identical clones were passaged daily in LB nutrient broth either with (populations 2 to 4) or without (populations 5 to 8) metagenomic DNA from forest soil. As expected, the fitness of these populations relative to the ancestral ADP1 strain, as measured in coculture competition assays, improved over the course of the AE experiment (Fig. 1) . We isolated a single endpoint clone from each of the 1,000-generation populations for further characterization and sequenced its genome. We did not find any evidence of horizontal gene transfer into these strains (see Materials and Methods) or observe any differences in evolutionary outcomes between populations evolved with or without added soil DNA. Therefore, we do not distinguish between these two types of AE populations in further reporting our results.
In parallel, we performed a 300-day mutation accumulation (MA) evolution experiment involving 18 lineages founded from the same ADP1 ancestor. These lines were propagated on LB agar by choosing a random colony each day, streaking it out on a fresh agar plate, and allowing 24 h for new colonies to grow. Each cycle of regrowth from a single cell to a colony requires ϳ25 cell divisions (26) . The daily single-cell bottlenecks result in greatly reduced selection, such that the rates of genotypic and phenotypic evolution approximate those resulting from unfiltered spontaneous mutations (27) . Thus, these endpoint MA clones, which have gone through ϳ7,500 total generations of growth, were used to determine to what extent mutations in the AE experiment could be explained by mutational hotspots versus selection for increased fitness.
Genome evolution. After accounting for 32 discrepancies between the ADP1 reference genome sequence (19) and our ancestral ADP1 strain (see Table S1 in the supplemental material), we found between 6 and 17 mutations in each of the seven independently evolved clones selected for sequencing from the AE experiment ( Fig. 2A ; also see Table S2 ). Similar numbers of new base substitutions and short indel mutations were observed in each clone, and one had a 117-bp duplication. All seven clones had identical 49-kb deletions encompassing a putative prophage (19) . We confirmed that the genomic region removed by this large prophage deletion (LPD) was present in the ancestral strain by PCR. In addition to the LPD deletion, at least one other multikilobase deletion was observed in most genomes. The greatest variation in the number of mutations between the sequenced clones was in the activity of IS1236, the only native transposable element in ADP1 (20) , both in terms of new copies inserting into genes and through its role in facilitating multigene deletions (Fig. 2B) . IS1236 was responsible for 41% of mutations across all sequenced genomes, but the number in individual clones ranged from 0 to 11. In fact, the rate at which new IS element-related mutations accumulated was significantly different among the sequenced clones (P ϭ 0.00012 by chi-squared test comparing Poisson rate models), while the rate of all non-IS mutations considered together did not vary (P ϭ 0.96).
In addition to the LPD, we observed that a number of the same genetic loci were affected by parallel mutations in multiple sequenced clones. ACIAD3148, a hypothetical gene of unknown function that is conserved in other Acinetobacter species, incurred mutations in all 7 populations (Fig. 3A) . Since these included two frameshifts and an internal deletion mediated by a new IS1236 insertion, it is likely that disrupting this gene is highly favorable under the conditions of the adaptive evolution experiment.
The clpA gene, which encodes an ATPase and specificity subunit for the Clp protease (28) , was affected by mutations in 5 of the 7 clones (Fig. 3B) . These mutations included a synonymous base substitution in the clpS gene that could affect clpA gene expression, because clpA appears to be transcribed from promoters located in this upstream gene in A. baylyi ADP1, as it is in E. coli (29) . Three other mutations frameshift or duplicate amino acids at the extreme C terminus of the ClpA protein sequence. Interestingly, genomes with mutations affecting clpA accumulated IS1236-related mutations at a greater rate than those without (P ϭ 0.00054 by one-tailed Poisson test). As discussed below, it is possible that these mutations alter ClpA activity in a way that increases transposase activity.
Two of the six IS1236 copies in the ancestral genome flank the Tn5613 composite transposon (30) . The intervening sequence within this transposon was deleted in four of the sequenced clones, apparently due to homologous recombination between the two flanking IS copies. Some regions deleted by IS1236-mediated events also were conserved between multiple populations, including overlapping ϳ16-kb and ϳ24-kb deletions in clones 3a and 8a, respectively. Interestingly, clone 6a also contained two mutations, in the per and pgi genes, within the common deleted region. The only other ADP1 gene affected by a mutation in more than two of the sequenced genomes was ACIAD2521. The exact same base substitution was present 127 bp upstream of the start codon of this putative gene of unknown function in four of the sequenced clones, indicating that it was likely present as a polymorphism in the ADP1 culture used to initiate the AE experiment.
IS1236-mediated loss of competence. The frequency at which a genetic marker was transformed into the 1,000-generation ADP1 populations from the AE experiment was reduced 10-to 100-fold compared to that of the ancestral strain (Fig. 4A) . While all evolved populations had reduced transformability, only three of the sequenced clones (3a, 6a, and 8a) showed significant decreases in transformation frequency (P Ͻ 0.05 by Bonferronicorrected one-tailed Welch's t test). Only in clones 3a and 8a was this decrease greater than 10-fold. Loss of transformability in clones 3a and 8a can be genetically attributed to insertions of new IS1236 copies into the genes pilB and comC, respectively. The observed 100-fold decrease in pilB mutants and complete loss of transformation in comC mutants are consistent with previous reports indicating that PilB is important for DNA uptake (31) and that the loss of ComC renders a strain completely noncompetent (32) . Although the PilB protein is related to type IV pilus components (31), knocking out this gene in the ancestor did not affect piliation (see Fig. S1 in the supplemental material), confirming that it seems to have a function that is specific to DNA uptake. Clone 6a, the isolate with only a 6-fold-reduced transformation frequency, does not have mutations in genes known to affect DNA uptake or recombination (see Table S2 in the supplemental material).
Measurements of the transformability of additional clones isolated from populations 3 and 8 at the 1,000-generation endpoint of the AE experiment revealed the existence of two distinct subpopulations: fully competent and reduced or noncompetent cells (Fig. 4B ). Assaying these clones for pilB and comC IS1236 insertions by PCR showed a clear correspondence between the presence of the pilB or comC mutation and reduced transformation for an isolate. Both populations had one exception to this relationship, in which the mutation from the sequenced clone was not present in an isolate that was less transformable, suggesting that other loss-of-competence mutations also are present in each evolved population. Finally, we profiled the transformability of clones in population 3 at 200-generation intervals throughout the AE experiment (Fig. 4B) . Low-transformation-frequency clones first appeared in this population by 600 generations and became a majority of the population by 800 generations. By 1,000 generations, the less competent subpopulation still had not completely taken over in either of the two populations that we profiled. We expect that the other five populations are similarly composed of mixtures of fully competent cells and cells with reduced competence, but that the clones selected for sequencing happened to be from the fully competent subpopulations in these cases.
If mutations reducing transformability occur at a sufficient rate, it is possible that the loss of this trait would be expected on the time scale of the AE experiment, even if it conferred no selective advantage. To evaluate this hypothesis, we assayed the transformability of the endpoint clones from the 18 MA lines that evolved under conditions of relaxed selection for 7,500 generations. None (A) Transformation frequencies for all evolved populations from the adaptive evolution experiment were reduced compared to those of the wild-type ADP1 ancestor (dashed line). However, for the sequenced clones from each population, transformability was significantly reduced only for certain isolates (*, P Ͻ 0.05 by one-tailed Welch's t test). Error bars are 95% confidence limits for triplicate assays. (B) In population 3, loss of transformation ability is mediated by the expansion of a noncompetent subpopulation over time as determined by testing individual clones picked from the mixed population. For populations 3 and 8, several 1,000-generation clones were genotyped for the relevant IS1236 insertions in competence genes found in the corresponding sequenced clone. In each case, these IS1236 insertions appear to be responsible for most of the loss of competence in the population, although other, rarer mutations that reduce competence also appear to be present in each case. The measurements shown are for triplicate assays. Error bars are omitted for clarity.
of the MA clones had a transformation frequency that was reduced, with certainty, more than 2-fold relative to that of the ADP1 ancestor (P Ͼ 0.05 by Bonferroni-corrected one-tailed Welch's t test) (see Fig. S2 in the supplemental material). The rate at which loss-of-transformability mutations appeared in the sequenced AE clones is significantly accelerated relative to this nonselective MA rate (P ϭ 0.00002 by chi-squared test comparing Poisson rate models). Therefore, we conclude that ADP1 competence likely is unstable because cells that lose this trait, at least via the mutations we observed, obtain a competitive fitness advantage. It is also possible that the spread of loss-of-competence mutations through a population by horizontal gene transfer further accelerates the loss of transformability in the AE experiment (12) . Evolution of cellular aggregation. We observed that cultures of a number of our sequenced clones from the AE experiment sedimented in test tubes more readily than the ancestral ADP1 strain. This phenotype correlated with distinct patterns of cellular aggregation observed by light microscopy (Fig. 5A) behaved similarly to the ADP1 ancestor: a majority of cells were attached to no more than one other cell. In contrast, most cells were part of multicellular clumps in clones 3a, 6a, and 8a. Mutations in two genes, those for perosamine synthetase (per; ACIAD0095) and glucose-6-phosphate isomerase (pgi; ACIAD0101), were present exclusively in the three aggregating clones. The per and pgi genes are lost due to multikilobase IS1236-mediated deletions in clones 3a and 8a. In clone 6a, pgi is interrupted by an IS1236 insertion, and per contains a single-base deletion leading to a frameshift (Fig. 5B) . To determine whether these loss-of-function mutations lead to increased cellular aggregation, we reconstructed the per and pgi mutations from clone 6a, both independently and together, in the ancestral ADP1 background. We found that each single mutant and the double mutant aggregated (Fig. 5C ), indicating that the loss of either gene leads to this phenotype. Both per and pgi have been implicated in the biosynthetic pathway of a secreted emulsifier in the closely related species Acinetobacter lwoffii RAG-1 (33, 34) . A number of other Acinetobacter strains, including ADP1, also can synthesize a bioemulsifier consisting of a protein and carbohydrate component that likely allows them to better utilize fatty acids and hydrocarbons as carbon sources (25, 35, 36) . In the emulsifier biosynthetic pathway in RAG-1, weeJ, a homolog of the ADP1 per gene, is thought to be involved in the synthesis of one of the three hexose subunits used to construct the polysaccharide component of the emulsifier, and pgi has a key role in generating glucose-6-phosphate to feed into this pathway. Therefore, we assayed for bioemulsifier production in the 6a clone and reconstructed per and pgi mutants (Fig. 5D) . We found that either mutation on its own caused a significant decrease in the emulsification activity of a culture (P Ͻ 0.05 by one-tailed Welch's t test). As was the case for the aggregation phenotype, the level of bioemulsifier production in the double mutant appears to be no different from that measured in either single mutant (P Ͼ 0.05 by two-tailed Welch's t test).
We again examined the MA lines to determine if there was evidence that evolution of cellular aggregation was accelerated in the AE experiment. We found that 4/18 endpoint MA clones exhibited similar aggregation phenotypes by light microscopy. This result shows that ADP1 is relatively likely to nonadaptively evolve this phenotype, possibly due to the large number of genes involved in extracellular polysaccharide biosynthesis or mutational hotspots affecting those genes. Still, aggregation did evolve at a significantly greater rate in the AE experiment compared to the MA experiment (P ϭ 0.003 by chi-squared test comparing Poisson rate models), suggesting that mutations leading to this phenotype in the AE experiment are beneficial to fitness.
Prophage region deletion hot spot. The sequence of the new junction created by the 49-kb LPD, which was present in all seven of the sequenced clones from the AE experiment, suggests that excision of this genomic region was facilitated by recombination between nearly identical flanking 51-bp repeats (Fig. 6) . To determine if an elevated rate for this mutation could wholly explain this extreme genetic parallelism, we used PCR to assay for this mutation in the 18 ADP1 MA lines that were evolved with reduced selective pressure for ϳ7,500 generations. The LPD was not found in any of the MA clones. Thus, we conclude that this large deletion is a beneficial mutation under the AE conditions because it occurs at a significantly greater rate than that in the MA experiment (P ϭ 9 ϫ 10 Ϫ11 by chi-squared test comparing Poisson rate models). The LPD results in the loss of three genes (ACIAD2139, ACIAD2143, and ACIAD2190) reported to be essential for growth in minimal succinate (MS) medium in a previous study of the ADP1 single-gene deletion strain collection (15) . However, we found that all sequenced AE clones with the LPD still were able to grow to high density in liquid MS medium and form colonies on MS agar within 24 h. A number of nonessential genes that might affect fitness in the environment of the AE experiment also reside in the LPD region, including other phage-related genes, a putative type II toxin-antitoxin system (ACIAD2181-ACIAD2182), a gene encoding a predicted threonine efflux protein (ACIAD2144), and a gene encoding a predicted cell wall-associated hydrolase (ACIAD2149).
DISCUSSION
In this study, we examined the stability of the undomesticated A. baylyi ADP1 genome as it adapted to growth in a laboratory environment over 1,000 generations. We concentrated on characterizing three types of genetic changes that commonly evolved in this strain that affected major traits: loss of its high natural transformability, evolution of cellular aggregation, and deletion of a cryptic prophage region. We did not attempt to directly measure the effects of these mutations on the competitive fitness of ADP1, because the transformability and aggregation phenotypes are expected to lead to complex frequency-dependent effects, such that their benefits depend on the composition of phenotypes in the population in which they evolved. Instead, we inferred that these mutations or phenotypes were beneficial for fitness in the laboratory environment because we never or rarely observed their evolution under nonselective genetic drift conditions during a mutation accumulation experiment that lasted ϳ7,500 generations.
IS1236, the only native transposable element in the A. baylyi ADP1 genome, was the primary cause of mutations affecting transformability and aggregation. Based on sequence homology, IS1236 has been assigned to the IS3 transposon family (37) . Therefore, it is assumed to undergo conservative replication by a copyand-paste mechanism (38) . IS1236 is present in six copies in the ancestral strain (20) , two of which flank the composite transposon Tn5613 (30) .
IS1236 has been found to play an important role in a number of other studies of ADP1 metabolism and evolution. For example, Tn5613 was the primary cause of loss-of-function mutations in the vanA and vanB genes, which are required for the metabolism of ferulate and vanillate (30) . Similarly, studies of p-hydroxyben- appear to mediate its rapid loss during the adaptive evolution experiment. The one base pair difference between the two repeats is boldfaced and marked for emphasis. Deletion of this unstable region in all seven sequenced clones results in the loss of three prophage-related genes previously defined as essential for growth in minimal medium (15) , ACIAD2139, ACIAD2143, and ACIAD2190, as well as a common site for genomic modification targeted by integration vectors, such as pIM1463 (17) .
zoate metabolism showed that IS1236 accounted for ϳ85% of the mutations inactivating one gene in the pathway, pobR (37) . IS1236 also has been implicated in facilitating gene amplifications, including 86% of the amplification events observed in a region located close to Tn5613 (39) . Sequencing of a chemostat population evolved under nitrogen-limiting conditions for ϳ2,800 generations found five IS1236 insertions and several large deletions and genomic rearrangements among 22 total mutations profiled (40) , none of which affected the genes commonly mutated in our AE experiment. The abundance of both new copies of IS1236 and deletions and other chromosomal rearrangements mediated by this mobile genetic element demonstrates its central role in changing strain function and genome structure. We observed unexpected differences in the rates of IS1236-mediated mutations among our sequenced clones. At least two different types of effects could have contributed to this variation. First, early insertions of new copies of an IS element might have led to an increase in transposase expression or IS DNA template availability that snowballed into an increased rate of further IS1236 transposition events within a lineage. Second, ancillary mutations at another genetic loci could have resulted in increased IS activity due to trans-regulatory effects. The latter explanation appears to be more likely, as the five sequenced clones that have the most IS activity all experienced mutations affecting the ClpA ATPase subunit of the Clp protease. ClpX, another Clp-associated ATPase, has been found to regulate Mu transposition by degrading its Rep repressor protein in E. coli cells (41) . Similarly, it is possible that the clpA mutations we observed increase Clp-dependent degradation of the IS3-type OrfA repressor protein (42) encoded within IS1236 and thereby hyperactivate its transposition.
If the clpA mutations result in increased IS1236 transposition, it is theoretically possible that parallel evolution of these mutations was the result of second-order selection for increased evolvability associated with this hypermutator effect (43) . However, this kind of second-order benefit of leading to an increase in potential beneficial mutations seems unlikely to have been sufficient for the clpA mutations to reach such prominence on the time scale of our experiment. Most probably, the clpA mutations were directly beneficial for growth in LB, and their effect on transposition, if any, was incidental. ClpA activity will affect the expression of its multiple protein substrates, and adaptive mutations in these types of regulatory hub proteins are common early in laboratory evolution experiments (44, 45) . For example, a mutation in hslU, a similar ATPase component of the separate HslVU protease, occurs in the Lenski E. coli evolution experiment (46) .
We found that all of our adapting populations lost transformability over the course of the evolution experiment. A similar result was observed in a previous experiment by Bacher et al., where transformation frequencies were reduced by 80 to 85% after propagating ADP1 in LB for ϳ730 generations (12) . We observed the progressive displacement of competent isolates by noncompetent mutants within one experimental population that we profiled over several hundred generations. Thus, the greater loss of transformability in our experiment (ranging from 85 to 99% in different populations) likely can be attributed simply to its longer duration, giving more time for newly evolved ADP1 variants carrying these apparently beneficial mutations to outcompete their ancestors and competitors. It is also possible that a molecular drive mechanism contributes to the spread of these loss-of-competence alleles: DNA from cells with a nonfunctional competence gene has a greater chance of being taken up and integrated into the genomes of their highly competent competitors than vice versa (12) .
Investigating the genetic basis of reduced transformation in our focal evolved clones showed that IS1236 insertions that interrupted the known competence genes pilB and comC were responsible for this phenotype. The much lower incidence of loss-ofcompetence mutations in our mutation accumulation lines provides evidence that this phenotype is beneficial for ADP1 during competitive growth in nutrient broth. Previously, it has been demonstrated that adding ADP1 genomic DNA to a culture inhibits the growth of wild-type ADP1 more than it inhibits the growth of a noncompetent ADP1 mutant (12) . As A. baylyi ADP1 also is known to release significant quantities of genomic DNA via lysis of 1 to 5% of the cells in a culture during normal laboratory growth in LB (47) , it seems likely that DNA released from lysed cells within our evolving ADP1 populations creates conditions where noncompetent mutants have a fitness advantage.
In addition to the loss of competence, we found that IS1236-mediated mutations often were responsible for increased aggregation in many of our evolved clones, because they disrupted genes involved in extracellular polysaccharide production. This is a particularly interesting observation considering the history of the ADP1 strain. Acinetobacter baylyi ADP1, previously designated Acinetobacter calcoaceticus BD413 (48), was derived from strain BD4, whose large polysaccharide capsule led to levels of cellular aggregation that were problematic in laboratory cultures (49) . BD413 was generated as a nonclumping mutant of BD4, a feature attributed to its "miniencapsulation" phenotype. In the same study, the complete loss of the extracellular polysaccharide capsule was found to cause cellular aggregation (49) .
We suspect that the disruption of per and pgi activity in the evolved mutants results in a similarly severe deficiency in extracellular polysaccharide production. This hypothesis is supported by a concomitant reduction in the activity of a bioemulsifier, which consists of a protein component complexed to these polysaccharides, in the aggregating mutants. In wild-type ADP1, the presence of this emulsifier and/or residual extracellular polysaccharides on the cell surface may prevent clumping. The per and pgi mutations that evolved separately in one sequenced clone each yielded apparently identical phenotypes with respect to aggregation and bioemulsifier production on their own. Because these mutations were always found together in evolved strains, it seems likely that there was some benefit to having both mutations over just one, perhaps due to other effects they have on cellular physiology or metabolism.
The ϳ49-kb large prophage deletion (LPD) found in all of our AE experiment populations removes the larger of the two putative prophages that exist in the genome of the ancestral strain (20) . Its size was previously estimated as ϳ52 kb, and the majority of its genes are unique to A. baylyi. The homologous terminal repeats that apparently are involved in a recombination event leading to the LPD likely represent the original integration site of the phage, as the downstream repeat copy partially overlaps a tRNA gene, a common integration site for phage (50) . The P22 phage attachment site in Salmonella, for instance, is a 46-bp sequence within the threonine tRNA gene. High-frequency loss of the phage region may have resulted from residual activity of a cryptic prophage integrase/recombinase. A putative copy of such a gene is located within the deleted region adjacent to the downstream terminal repeat. Alternatively, the LPD also could have occurred through a host-mediated recombination mechanism.
The rate at which the large prophage deletion occurs during ADP1 growth, as estimated from the MA experiment, is too low to explain its ubiquity in the sequenced AE clones. Thus, it is likely that the LPD was advantageous to fitness under these experimental conditions. Studies of ribose operon deletions in the Lenski long-term E. coli evolution experiment exemplify how a locally elevated rate of mutations coupled with even just a slight fitness benefit for those mutations can rapidly lead to extreme genetic parallelism in this manner (51) . The LPD contains three putative phage-related genes identified as essential for growth in minimal medium, two of which are predicted DNA-binding regulatory proteins. As we observed that all of the sequenced clones with the LPD still were capable of robust growth in minimal medium, it is possible that deleting these genes singly results in a lethal reactivation of toxic gene products within this latent prophage or other deleterious genetic interactions that do not apply when the ϳ60 genes in the LPD are excised simultaneously from the genome. It is also possible that a fitness benefit could be conferred by the loss of nonessential genes within the LPD.
Overall, our study highlights several challenges that may be encountered when engineering or evolving the genome of any undomesticated bacterial strain in the laboratory. Specifically regarding ADP1 genome engineering, we note that the LPD also removes the genomic location targeted by a toolkit of integration vectors (17) . In this case, the choice of the large prophage region as a neutral site for inserting heterologous genes into the ADP1 genome should be reconsidered in light of its inherent genetic instability, as this deletion was the most prevalent mutation observed in ADP1 propagated in LB. This discovery, combined with the overall high rate of transposon-mediated mutations, the rapid loss of transformability, and the atavistic reappearance of cellular aggregation, demonstrates that the native features of the ADP1 genome currently present significant challenges to using this strain as a platform for genome engineering.
However, ADP1 has many potential advantages as a versatile host microorganism for synthetic biology (6) (7) (8) , especially considering recent studies describing multiplex genome editing in naturally transformable organisms (52) . The genetic stability of ADP1 could be improved by domesticating its genome by deleting IS elements, cryptic prophages, potential toxin-antitoxin cassettes, and other uncharacterized genes that have accumulated during its prior existence in the wild outside the laboratory, as has been done in the "clean-genome" E. coli MDS42 strain (3). This scale of refactoring could be accomplished relatively easily in ADP1 with existing genetic tools (8), particularly given that there are only six copies of IS1236 in the genome. Metabolic pathways and complex biological devices assembled in a clean-genome ADP1 strain would be expected to exhibit greater genetic reliability on evolutionary timescales (53) , and such a host could enable more facile genome engineering for synthetic and evolutionary biology studies involving widespread gene acquisition and loss (2) .
